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Description

[0001] Thisinvention was made with Government sup-
port under Contract No. 009 Z 9004 awarded by Boeing.
The Government has certain rights in this invention.
[0002] The present invention generally relates to an
electro-optic device and, more particularly, to a process
for stabilizing the electro-optic substrate of an optical
waveguide device for operation under atypical environ-
ments and conditions.

[0003] Optical communications systems now routinely
employ electro-optic devices (e.g., integrated optic or
multi-fanctional chips) that utilize electrodes to modulate
optical signals propagating through an optical waveguide
formed in an optically transmissive substrate and opti-
cally coupled between an input optical fiber and one or
more output optical fibers. The substrate typically com-
prises an electro-optic crystal, such as lithium niobate
(LNbO3), on which optical waveguides may be formed
by various means. Generally in such optical modulators,
one or more waveguides are formed proximate to the
upper surface of the substrate, and one or more surface
electrodes are deposited on the surface proximate to the
waveguides. When a voltage is applied to the surface
electrodes, the phase of the light propagating through
the waveguide is advanced or retarded. This effect may
be employed to produce an optically modulated signal.
[0004] White known electro-optic devices function ad-
equately in moderate environments, their performance
may quickly degrade when operating under atypical or
harsh conditions (e.g., in an environment characterized
by extreme temperatures, humidifies, pressures, etc., or
an environment that experiences flux in such character-
istics). When operating in vacuum-like conditions, for ex-
ample, the electro-optic substrate in which the waveguide
is formed experiences chemical changes, over time as
oxygen and hydrogen ions disassociate from the sub-
strate’s surface. This may result in significant perform-
ance degradation. For this reason, known electro-optic
devices are not designed for or well-suited for applica-
tions that require operation under extreme conditions,
especially space applications (e.g., use within a fiber op-
tic gyroscope deployed on a spacecraft). Additionally,
the performance of conventional electro-optic devices is
known to degrade with exposure to radiation, including
x-ray radiation.

[0005] It should thus be appreciated that it would be
desirable to provide a method for adapting known electro-
optic devices for operation under atypical or harsh con-
ditions, including vacuum-like environments and radia-
tion rich environments. Furthermore, it would be desira-
ble to provide a method for stabilizing the surface of the
optically transmissive substrate employed in an electro-
optic device configured for operation in space. Other de-
sirable features and characteristics of the present inven-
tion will become apparent from the subsequent detailed
description of the invention and the appended claims,
taken in conjunction with the accompanying drawings
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and this background of the invention.

[0006] A method is provided for stabilizing an electro-
optic substrate employed in a waveguide device. The
method comprises cleaning a surface of the substrate,
and exposing the device to a reactive oxide to passivate
the surface. A layer of sealant is deposited on the sub-
strate in a vacuum to seal the surface.

In the Drawings;

[0007] The present invention will hereinafter be de-
scribed in conjunction with the following drawing figures,
wherein like numerals denote like elements, and:
[0008] FIG. 1is an isometric view of a dual output op-
tical modulator, and

[0009] FIG. 2 is a flowchart illustrating an exemplary
embodiment of the inventive stabilization method.
[0010] The following detailed description of the inven-
tion is merely exemplary in nature and is not intended to
limit the invention or the application and uses of the in-
vention. Furthermore, there is no intention to be bound
by any theory presented in the preceding background of
the invention or the following detailed description of the
invention.

[0011] FIG. 1 is an isometric view of a known electro-
optic device 100 (e.g., an optical modulator) comprising
a first end 102 optically coupled to an input optical fiber
104 and a second end 106 optically coupled to a first
output optical fiber 108 and to a second output optical
fiber 110. Optical fibers 104, 108, and 110 are coupled
to electro-optic device 100 through ferrules 112, 114, and
116, respectively. An optically transmissive substrate
118 comprising an electro-optic crystal and extending
from first end 102 to second end 106 of device 100 has
an optical waveguide 122 formed therein. Substrate 118
may comprise a number of known electro-optic crystals
including, but not limited to, beta barium borate (B-
BaB,O,, or BBO), potassium titanyl phosphate
(KTiOPQy, or KTP), and lithium triborate (LiB3Os, or
LBO); however, lithium niobate (LiINbO3) is preferred. As
can be seen in FIG. 1. waveguide 122 bifurcates into a
first waveguide section 124 and a second waveguide
section 126 for guiding light through substrate 118 and
ultimately to output fibers 108 and 110, respectively.
Waveguide sections 124 and 126 are configured to pass
between first and second pairs of electrodes that are de-
posited on the upper surface of substrate 118. More par-
ticularly, waveguide section 124 passes between elec-
trodes 128 and 130, and waveguide section 126 passes
between electrodes 132 and 134.

[0012] Input fiber 104 delivers light into substrate 118
that separates into substantially a guided mode and an
unguided mode; for example, an unguided transverse
magnetic (TM) mode and a guided transverse electric
(TE) mode. As it propagates along waveguide sections
124 and 126, the guided TE mode light passes between
paired electrodes 128 and 130 and paired electrodes 132
and 134. respectively, which are each configured to have
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a voltage applied across them. For example, one elec-
trode in each pair may be grounded, while the other elec-
trode may have a voltage applied thereto. Referring spe-
cificallytoFIG. 1, electrodes 128 and 134 may be ground-
ed, electrode 130 may be coupled to a first voltage V,,
and electrode 132 may be coupled to a second voltage
V,. The index of refraction of waveguide sections 124
and 126 varies in response to the voltages applied to
electrodes 130 and 132, and the optical signals traveling
between the electrode pairs are correspondingly modu-
lated.

[0013] As stated previously, while device 100 and oth-
er such electro-optic devices may perform adequately in
moderate environments, their performance has been
shown to degrade quickly when operating under atypical
conditions due to chemical changes experienced by elec-
tro-optic substrate 118. For this reason, known electro-
optic devices are poorly suited for operation in non-ter-
restrial environments. It accordance with the present in-
vention, the following provides a method for stabilizing
device 100 and other electro-optic devices torender them
suitable for operation under atypical conditions by pas-
sivating the surface of substrate 118 and further sealing
it to prevent environmental destabilization.

[0014] FIG. 2 is a flowchart illustrating an exemplary
embodiment 200 of the inventive stabilization method.
As can be seen, exemplary method 200 comprises four
main steps: (1) Device Preparing 202, (2) Substrate
Cleaning 204, (3) Passivation 206, and (4) Sealing 208.
In addition, cleaning 204 and sealing 208 each comprise
a member of sub-steps, which will be discussed in more
detail below. Method 200 begins with device preparation
202 in which a subject electro-optic device, such as elec-
tro-optic device 100 described above in conjunction with
FIG. 1, is readied for processing. The manner in which
device 100 is prepared will vary with the condition in
which the device is found. That is, if the device is pack-
aged, the package may be inspected for damage and
removed. If afaceplate exists over electro-optic substrate
118, it may also be removed. Furthermore, during device
preparation, it may be wise to take steps to protect the
more vulnerable components of device 100. For exam-
ple, it may be desirable to cover the device’s leads (not
shown) with aluminum foil.

[0015] After device preparation is completed (step
202), the substrate may be cleaned (step 204) to remove
foreign molecules (e.g., adventitious carbon) that may
have collected on the surface of the substrate and to
expose oxygen molecules that may bond with a reactive
oxide, which is applied during passivation (Step 206) as
described in the subsequent paragraph. Cleaning may
be accomplished in a number of ways. As indicated at
210in FIG. 2, for example, device 100 may be heated in
a vacuum chamber (e.g., at ~60°C and ~60cmHg for -40
hours) to drive off water that has collected on substrate
118. Device 100 may then be plasma etched (step 212)
in the well-known manner, that is, device 100 may be
exposed to a charged plasma environment (e.g., oxygen,
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argon, etc.) within a suitable plasma chamber (e.g., of
the type manufactured by Branson or IPC). In the exem-
plary method specifically, device 100 is exposed to oxy-
gen gas flowing at approximately 50 cubic feet per minute
for about 15 minutes while the chambers RF power is
beld at approximately 80 watts. In addition to cleaning,
plasma etching may also have the effect of repairing the
surface of substrate 118 by replacing oxygen atoms that
may have been lost during device processing.

[0016] After device 100 has been suitably cleaned
(e.g., by etching using oxygen plasma), a passivation
step 206 is performed wherein the surface of substrate
118 is rendered substantially environmentally inactive.
This is accomplished by introducing a reactive oxide gas
(e.g. carbon monoxide) into the chamber containing de-
vice 100, which may be the same chamber in which step
212 (etching) was performed. The reactive oxides bond
with the free-oxygen bonds available at the surface of
substrate 118 to reduce the mobility of lithium, oxygen
and hydrogen ions along with any free charge carriers
present thereon. For example, device 100 may be ex-
posed to carbon monoxide gas at approximately one at-
mosphere for at least 30 minutes. However, it should be
appreciated that other reactive oxide molecules may be
employed during passivation 206. including sulfur mon-
oxide. Additionally, if desired, a methyl siloxane (e.g.,
silane) may also be applied to the surface of substrate
118 for greater passivation and adhesion. After the sub-
strate has been effectively passivated, the chamber is
evacuated and device 100 is removed.

[0017] Lastly, device 100 is placed within a coating
chamber and a sealing step 208 is performed. In this
step, a thin film of sealing material is deposited on surface
of substrate 118 to maintain the surface at its controlled
and stabilized condition. For example, silicon dioxide (Si-
Ox) may be deposited on the surface of substrate 118
via ion beam assisted deposition, chemical vapor depo-
sition, or another known deposition method. Alternative-
ly, the sealing material may be from the poly-pare-xy-
lylene family and deposited via chemical vapor deposi-
tion, as indicated in FIG. 2. Though any suitable member
from this family may be utilized (e.g., para-xylylene D,
para-xylylene N, etc.), para-xylylene C is preferred. Va-
por deposition begins when a dimer powder (di-para-xy-
lylene) is heated to a temperature of approximately
150°C whereat the powder vaporizes into a gas (step
214). Next, the para-xylylene gas diffuses into a pyrolysis
furnace wherein it is heated to a temperature of approx-
imately 650°C, which is sufficient to break the dimers’
molecular bonds and thereby convert the para-xylylene
dimersto monomers (step 216). Under vacuum, the mon-
omeric para-xylylene molecules move into the coating
chamber containing electro-optic device 100. The coat-
ing chamber is held at a temperature at which the para-
xylylene molecules become a solid polymer (e.g., room
temperature) conformally coating the exposed surfaces
of electro-optic device 100. Deposition of the sealant oc-
curs as the solid para-xylylene polymer bonds to the ex-
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posed portions of device 100 including the surface of
substrate 118 (step 218), and excess gas is captured in
a liquid cold trap external to the coating chamber. After
a polymeric layer of sufficient thickness (e.g., at least 1
mil nominal) has been deposited on the surface of sub-
strate 118, the coating chamber may be evacuated and
device 100 may be removed. Method 200 is now com-
pleted and substrate 118 of device 100 has been stabi-
lized and sealed such that device 100 may operate under
atypical conditions for extended periods of time with little
to no degradation in performance.

[0018] It should thus be appreciated that there has
been provided a method for adapting known electro-optic
devices for operation under atypical conditions, such as
those found in space-like environments and radiation
(e.g., x-ray) rich environments. Though the inventive
method was described above in conjunction with a spe-
cific embodiment, it should be understood that certain
aspects of method 200 may be altered or eliminated with-
out departing from the scope of the invention. For exam-
ple, though a preparation step and a cleaning step were
described above as part of exemplary method 200, these
steps may not always be necessary or desirable in the
performance of the inventive method.

[0019] While at least one exemplary embodiment has
been presented in the foregoing detailed description of
the invention, it should be appreciated that a vast number
of variations exist. It should also be appreciated that the
exemplary embodiment or exemplary embodiments are
only examples, and are not intended to limit the scope,
applicability, or configuration of the invention in any way.
Rather, the foregoing detailed description will provide
those skilled in the art with a convenient road map for
implementing an exemplary embodiment of the inven-
tion. It being understood that various changes may be
made in the function and arrangement of elements de-
scribed in an exemplary embodiment without departing
from the scope of the invention as set forth in the ap-
pended claims.

Claims

1. A method for stabilizing an optically transmissive
substrate (118), the method comprising:

passivating (206) a surface of the substrate
(118) with a reactive oxide; and

sealing (208) the surface by depositing silicon
dioxide thereon.

2. A method according to claim 1 wherein the sealing
(208) comprises performing ion beam assisted dep-
osition.

3. A method according to claim 1 wherein the sealing
(208) includes depositing a layer of para-xylylene
(218) on the surface.
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4.

10.

A method according to claim 3 wherein the sealing
(208) comprises performing chemical vapor deposi-
tion (214, 216, 218).

A method according to claim 1 further comprising
plasma etching (212) the surface with an oxygen
gas.

A method according to claim 1 wherein the passivat-
ing (206) comprises exposing the surface to carbon
monoxide.

A method for stabilizing an optically transmissive
substrate (118), the method comprising:

passivating (206) a surface of the substrate
(118) by exposing the surface to sulfur monox-
ide; and

sealing (208) the surface.

A method for stabilizing an optically transmissive
substrate (118), the method comprising:

passivating (206) a surface of the substrate
(118) with a reactive oxide;

treating the surface with a methyl siloxane; and
sealing (208) the surface.

A method for stabilizing an electro-optic substrate
(118) employed in a waveguide device (100), the
method comprising:

cleaning (204) a surface of the substrate;
exposing the device (100) to a reactive oxide to
passivate (206) the surface; and

depositing a layer of Silicon dioxide on the sub-
strate in a vacuum to seal (208) the surface.

A method according to claim 9 wherein the cleaning
(204) comprises heating (210) and plasma etching
(212) the surface.
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